The manufacture of nanoparticles (NPs) is a new area of investigation due to potential applications related to the improvement of new technologies; in particular, environmentally safe manufactured nanomaterials have become a growing area within nanoscience. In this research, we synthesized zinc oxide (ZnO)-NPs using an aqueous extract of Punica granatum shell prepared using the green synthesis method. The ZnO-NPs were examined by X-ray diffraction (XRD), field emission-scanning electron microscopy (FE-SEM) and UV-visible spectroscopy. The XRD patterns illustrated a single phase hexagonal (wurtzite) structure. The FE-SEM micrographs revealed the formation of erythrocyte-like structures and the average particle sizes were found to be 30-180 nm. The UVvisible measurements showed that the average optical transparency is over 85% in the visible range. The electrical conductivity values of the nanostructured ZnO-NPs were between 7.07 × 10 −7 and 3.31 × 10 −4 Ω −1 cm −1 in the temperature range 25-650°C. In addition, the ZnO-NPs did not show any antimicrobial affect against a Gram-positive bacterium (Bacillus thuringiensis).
Introduction
Nanoscience is a wide interdisciplinary field of research, which is a growing dynamic field with many technological applications that has been increasing quickly globally for the past decade. Nanosized materials have attained growing relevance because of their significant optical and electrical characteristics, which are very useful when producing optoelectronic apparatus with multifunctions [1] [2] [3] . Nanosized materials can impact the interdisciplinary areas of physics, material sciences, optoelectronics and biomedical sciences [4] . There has been great interest in semiconducting materials, and especially nanostructured zinc oxide (ZnO) n-type semiconducting materials have attracted remarkable attention because of their characteristic properties, such as wide direct band gap (3.37 eV), high electrochemical stability, nontoxicity and high exciton binding energy (60 meV) [5] . They are nontoxic, possess excellent thermal stability, have a large piezoelectric coefficient and have an easily modified electrical conductivity [1] . ZnO-nanoparticles (NPs) have unusual optical and electronic properties that provide a wide range of applications in ultraviolent diodes, transistors and photovoltaic cells. Many techniques have been used in the literature for the production of ZnONPs, such as laser ablation, magnetron sputtering [6] , thermal decomposition [7] , sol-gel method [8] , combustion method [9] and metal-organic chemical vapor deposition method [10] . In addition, chemical vapor deposition (in gaseous media) has some advantages over the other techniques, such as fine compositional control, facility, high homogeneity, minimal crystallization temperature and low cost. The chemical synthesis techniques have the unhealthy aspect of using chemical or organic complexes as the reducing agents, which can be harmful to the environment; in addition, there are difficulties in the treatment of the waste products, and for this reason, the chemical synthesis techniques produce some toxic materials [11] . So called "green synthesis" (GS) methods, which are based on using environmentally friendly reagents or biogenic materials, decrease the environmental risk at the origin level and prevent pollution instead of requiring the treatment or removal of it later. The green synthesis approach/method is being evolved via the biochemical synthesis and use of nanosized materials with active complexes from natural extracts [12] [13] [14] [15] [16] [17] [18] [19] [20] . Punica granatum is common in Turkey. P. granatum shells contain gallic acid and other fatty acids; catechin and epigallocatechin gallate (EGCG); quercetin, rutin and other flavonols; flavones and flavonones; and anthocyanidins. P. granatum has strong antioxidant and antiinflammatory properties [21] . Pomegranate/P. granatum is one of the most important commercial fruits in Turkey. The unused parts of P. granatum are usually discarded and are considered as waste. We wanted to evaluate this waste material, so we used its shell extract. In this study, we synthesized ZnO-NPs using the shell of P. granatum. We synthesized ZnO-NPs using an aqueous extract of pomegranate/P. granatum shell by green synthesis techniques. The structural, morphological, electrical and optical properties of the obtained ZnO-NPs sample were investigated. 
Materials and methods

Materials
Synthesis of ZnO-NPs
The sample preparation of ZnO-NPs is shown in Figure 1 . This consisted of 5 g Zn(NO 3 ) 2 · 6H 2 O being mixed in 50 ml of the extract under vigorous stirring at 100°C until the solvent (H 2 O) was completely removed, and then it was annealed at 400°C for 120 min. Finally, the ZnO-NPs sample was obtained in powder form. The obtained light yellow colored powder was used for further studies.
Characterization
The ZnO-NPs sample was characterized structurally, morphologically, electrically and optically by X-ray diffraction (XRD) (Bruker AXS D8), field emission-scanning electron microscopy (FE-SEM) (Zeiss Ultra Plus Gemini), a four probe dc system and a UV-visible spectrophotometer (Rayleigh UV-2601), respectively. In addition, the antimicrobial activity and electrical conductivity were examined.
Results and discussion
XRD and structural study
Based on previous results, the predicted reactions for the formation of the GS ZnO-NPs using the aqueous extract of P. granatum shell are shown in Figure 2 . The gallic acid, fatty acids, catechin, EGCG, quercetin, rutin and other flavonols; flavones and flavonones; and anthocyanidins molecules can interact with Zn 2+ to nucleate the zinc/gallic acid, fatty acids, catechin, EGCG, quercetin, rutin and other flavonols; flavones and flavonones; and anthocyanidins complex molecules. After the reactions, the complex solution was heated and dried. Throughout the heating, the complex solutions transformed into GS nanostructured ZnO particles [22] . The flavones and organic acids were the main phytochemical compounds present in leaf extract responsible for the direct reduction of zinc ions to ZnO-NPs [14] [15] [16] [17] [18] [19] [20] [21] [22] . In addition, the H 2 O(g) vapor and CO 2 (g) released into the environment were nontoxic. For this reason, the chemical vapor deposition (in gaseous media) production method was environmentally friendly.
The XRD diffraction peaks of the green synthesis ZnO-NPs sample are shown in Figure 3 . The XRD patterns illustrate the notable peaks of the ZnO-NPs at 31.90°, 34.57°, 36.41°, 47.70°, 56.76°, 62.97°, 66.58°, 68.07°, 69.21°, 72.75°, 76.98° and 81.51°, which correspond to the lattice patterns of (1 0 0) (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), (2 0 2) and (1 0 4), respectively, and can be indexed to the hexagonal wurtzite structure (JCPDS Cardno.89-1397). The lattice constants of the sample were determined at room temperature experimentally from the XRD results and the lattice constant a parameter was 3.2346 Å and the c parameter was 5.2120 Å for the GS ZnO-NPs. No extra diffraction peaks were detected, and this indicated the sample was fully composed of a ZnO hexagonal structure. The narrow and strong diffraction peaks (especially (1 0 0) (0 0 2) and (1 0 1)) illustrate the crystalline quality with high intensity of peaks. The 2θ peak angles, percentage of I/I0, lattice spacing of d and hkl miller indices of the GS ZnO-NPs pattern are illustrated in Table 1 . Using the XRD analysis data, the estimated size of the ZnO-NPs was obtained using Debye-Scherrer's formula given by the following equation:
Here, D is the average crystallite size (usually taken as 0.89), λ is k = 0.15406 nm for CuKα, β is the FWHM (the line width at half-maximum height) and θ is the diffraction angle. The average crystallite size of the GS ZnO-NPs pattern was found to be in the range of 60-70 nm. Nanosized value of ZnO suggests that the pomegranate (P. granatum) shells extract can be employed as the hydrolytic agent for the formation of ZnO-NPs. We can conclude that the GS ZnO-NPs were easily manufactured using the aqueous extract of pomegranate (P. granatum) shells via a green synthesis method.
FE-SEM and morphological study
The FE-SEM morphology of the GS ZnO-NPs pattern is a crucial factor for defining its structural features in technological applications. Figures 4A and B show distinct magnification of the FE-SEM micrograph of the provided GS ZnO-NPs. Figure 4A illustrates the microstructure of the aqueous shell extract of P. granatum obtained via a GS method for ZnO-NPs and the random distribution of the agglomeration of smaller NPs inside the matrix. The enlarged morphology of the GS ZnO-NPs sample established the erythrocyte-like form NPs with a particle size between 30 nm and 180 nm (as illustrated in Figure 4B ), which is essentially consistent with the conclusions by Nasrollahzadeh et al. [14] and Rostami-Vartooni et al. [19] . The agglomeration of smaller NPs occurred due to the relationship of the green synthesis with the biological materials. The SEM analysis proved the existence of even bigger NPs than the XRD analysis results. The bigger, about 180 nm, GS ZnO-NPs in the sample may be caused by the agglomeration of smaller ZnO-NPs, the existence of which was proved by the XRD analysis results, which permitted even smaller GS ZnO-NPs being defined.
Electrical conductivity study
The temperature dependence of the electrical characteristics of the GS ZnO-NPs sample was measured by a standard four probe dc system. The conductivity of the GS ZnO-NPs sample was determined using the following equation:
where V loading is a direct measurement of the voltage drop and G is the geometric correction constant [23] . The variation in the electrical conductivity (σ) with the applied temperature in the range of 25-650°C for the GS ZnO-NPs was determined and depicted in Figure 5 . As can be seen from this figure, the logarithmic values of the electrical conductivity were found to be in the range of −6.15 (7.07 × 10 addition, ZnO particles are a non-stoichiometric and n-type semiconductor owing to the presence of O 2 holes and an interstitial Zn matrix [23] . The local defects in the ZnO result in the electrical conductivity and cause temperature dependence in the electrical conductivity [24] . Generally, for n-type semiconductor materials, the electrical conductivity grows exponentially with annealing temperature. This characteristic shows thermally activated properties. The full electrical conductivity is shown as in the following:
where σ is the electrical conductivity, σ 0 is the electrical conductivity at the applied temperature (T), Ea is the activation energy and k is the Boltzmann constant [25] . The activation energy of the GS ZnO-NPs sample is determined using the following equation:
The Arrhenius graph is the gradient of the linear part of the electrical conductivity and the -Ea/k values are equal to the logσ-10 3 /T. For the applied temperature values, the GS ZnO-NPs have Arrhenius-type conductivity behavior. Figure 5 illustrates that there are separate parts matching different Ea values. These values are divided into two different zones: first zone between 25°C and 300°C, which is the low temperature zone, and second zone between 300°C and 650°C, which is the high temperature zone [25] . The low temperature area (between 25°C and 300°C) has an Ea value of 0.143 and the high temperature area (between 300°C and 650°C) has an Ea value of 0.486 eV. For the low temperature area (up to 300°C), an increase in the electrical conductivity in the lower temperature area can be attributed to the increase in the charge mobility and the Ea value decreases, which is because a little thermal energy is enough for the activation of the carriers to take part in the conduction process. By contrast, for the high temperature area (up to 650°C), the Ea is elevated more than that of the low temperature region. For the high temperature, the electrical conductivity is primarily decided via the internal atom defects, and for this reason it is called internal conduction or high temperature. The high Ea values provided for this region could connect the energy needed to form defects, which is much larger than the energy required for its drift. In addition, the internal failures due to the thermal vacillations establish the electrical conductivity characteristics of the GS ZnO-NPs at increased applied temperatures [26] . Similar results have also been reported elsewhere [23, 26] . Figure 6 shows the room temperature optical transmittance spectrum of the ZnO-NPs sample synthesized using a P. granatum shell extract. Figure 6 illustrates that between 350 nm and 1000 nm there is very high optical transparency. The optical transparency displays characteristic absorption peaks of ZnO at the 370 nm wave length, which detects the fundamental band-gap absorption of the ZnO-NPs for the electron jumping between the valence and conduction band [2p (O 2 )→3d (Zn)] [27] .
Optical study
Moreover, the GS ZnO-NPs pattern has an optical transparency of over 85%. This high optical transmittance spectrum displays high quality optical transparency, which is connected with a high morphological homogeneity and crystallinity of the GS ZnO-NPs [26] . The optical band gap (E g ) was estimated from the absorption spectra in Figure 6 , for which the variation in the absorption coefficient with the photon energy hν can be indicated as follows:
Here, E g is the optical energy gap between the conduction and the valence band [28] . Figure 7 displays the plots of (αE) 2 versus photon energy (E, eV) for the GS ZnO-NPs sample. The optical band gap (E g ) value was determined from the plot and found to be 3.4 eV, which is in agreement with those reported by KhorsandZak et al. [27] .
Antimicrobial activity
The disk agar diffusion technique was used to determine the antimicrobial activity of the samples against a Grampositive bacterium (Bacillus thuringiensis). Disk agar cultures were established and swabbed by an aseptic L-shaped glass tube with 200 ml of 24 h grown chicken broth culture of the Gram-positive bacterial family. This work used 500 mg/well concentrations of the GS ZnO-NPs to detect the antibacterial activity. The ZnO-NPs did not show any antimicrobial effects against the Gram-positive B. thuringiensis bacterium.
Conclusions
A ZnO-NPs pattern was prepared using a P. granatum shell water extract. The XRD peaks showed good crystalline quality with very well defined peaks and intensities, and these were indexed as wurtzite hexagonal phase characteristics. From the XRD and FE-SEM analyses, it was determined that the ZnO-NPs can be obtained via a green synthesis method. The FE-SEM photographs illustrate the GS ZnO-NPs samples and found erythrocyte-like NPs with a particle size changing from 30 nm to 180 nm. The electrical conductivity values increased with increasing temperature. The optical transparency measurements showed that the average optical transparency was over 85% in the visible range and the optical band gap (E g ) value was 3.4 eV. The ZnO-NPs did not exhibit any antimicrobial activity. 
